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ABSTRACT 10 
 11 
Hyperbaric storage at room temperature was evaluated as a new food preservation method. To 12 
do that, strawberry juices maintained at different pressure levels (0.1, 25, 100 or 220 MPa) and 13 
20 ºC for 15 days were compared to raw and thermally pasteurized samples stored at 14 
atmospheric pressure and 5 ºC for the same period. Hyperbaric storage reduced the initial 15 
microbial load of the juices by more than 2 log units to levels below the limit of detection. 16 
Moreover, pressure was effective to attenuate viscosity and color losses in the samples stored 17 
at 20 ºC. Stability of the samples after the hyperbaric storage was good and microbial load, 18 
viscosity and color remained stable when the samples were kept under refrigeration at 19 
atmospheric pressure for 15 additional days. All these results show that hyperbaric storage 20 
could represent an interesting technology for short-term preservation of food. 21 
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1. INTRODUCTION 25 
The effectiveness of hyperbaric storage for food preservation has been known for more 26 
than four decades. Thus, the first clear evidence was the recovery, in 1968, of edible food from 27 
the research submarine Alvin sunk for ten months at a depth of 1540 m. Sandwiches, bouillon 28 
and apples, maintained at environmental conditions of 3-4 ºC and 15 MPa, were practically 29 
untouched by decay, but when they were recovered and kept under refrigeration at atmospheric 30 
pressure, they were spoiled in a few weeks (Jannasch, Eimhjellen, Wirsen, & Farmanfarmaian, 31 
1971).  Successful experiments of underwater storage of cereal grains, at 30 m below the 32 
surface of Lake Biwa, had been previously made in Japan since May 1967 (Mitsuda, Kawai, & 33 
Yamamoto, 1972) with the main purpose of maintaining a constant low temperature during the 34 
storage. Ten years later, Charm et al. (1977) proposed the refrigerated storage of food under 35 
pressure as a new method for food preservation. The authors proved that pressure, at low 36 
temperatures, inhibited microbial growth and enzymatic activity and, in this way, it substantially 37 
extended the storage life of highly perishable food, like fish or meat. Moreover, pressure lowers 38 
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the freezing point of water and, therefore, it allowed storage temperatures below 0 ºC without 39 
freezing. Nevertheless, the technical difficulties in building commercially feasible high-pressure 40 
storage units made that this preservation method had not been extensively studied. Thus, in the 41 
last three decades, only a few experiments of food storage under pressure have been reported 42 
at different pressure levels and temperatures both above and below 0 ºC (Baba & Ikeda, 2003; 43 
Baba, Ito, Ikeda, & Manago, 2008; Kalichevsky, Knorr, & Lillford, 1995; Robitaille & Badenhop, 44 
1981; Yang, Balandran-Quintana, Ruiz, Toledo, & Kays, 2009). The results obtained indicate 45 
that refrigerated storage of food under pressure could be an effective preservation technique 46 
with interesting advantages over freezing. Thus, damage in the product due to ice crystals 47 
formation is avoided and substantial energy savings can be achieved since the storage 48 
temperature can be set considerably higher and no latent heat needs to be removed (Charm et 49 
al., 1977). But, more important energy savings could be attained if food preservation under 50 
pressure were proved to be also efficient at room temperature. 51 
It is well known that immediate refrigeration of raw food ingredients, just after harvest, 52 
fishing or butchery, and their storage and transportation in a low temperature environment are 53 
required to provide safe food products of high organoleptic and nutritional quality. Nevertheless, 54 
less than 10% of perishable foodstuffs are in fact currently refrigerated. This involves losses 55 
which account for 30% of worldwide production (Coulomb, 2008). It is estimated that if 56 
developing countries could acquire the same level of refrigerated equipment as that in 57 
industrialized countries, over 200 million tons of perishable foods would be preserved, but 58 
economic reasons hamper food refrigeration (James & James, 2010). In industrialized 59 
countries, cold chains are designed and maintained from the producer to the retailer to preserve 60 
the quality and safety of foods. Thus, refrigeration is used both for short-term preservation of 61 
raw food and also for long-term preservation of processed products. But, the effective 62 
management of these cold chains is expensive and energy consuming. As an example, about 63 
50% of total energy in the food industry is consumed by refrigeration related facilities. 64 
Nowadays, this can jeopardize the sustainability of the food supply chains. For this reason, in 65 
the last years, many efforts have been made to look for new energy saving opportunities in the 66 
food cold chain.  67 
Hyperbaric storage, at room temperature, could be one of these opportunities since it 68 
only implies energy costs during compression and no additional energy is required to maintain 69 
the product under pressure for long times. Therefore, hyperbaric storage of food commodities in 70 
industrial size vessels, at room temperature, could involve important savings in storage and 71 
distribution. Capital costs of current high-pressure equipment are high, but it is important to note 72 
that pressure requirements and technical specifications implied in hyperbaric storage should be 73 
considerably less severe than those now employed in the food industry for high-pressure 74 
processing. Moreover, the exponential expansion that high-pressure food processing has 75 
experimented during the last decade should help to enhance innovations to reduce equipment 76 
costs. In fact, innovations performed during the last years in equipment design have made 77 
possible a decreasing trend in equipment costs from 1996 up to now (Balasubramaniam, 78 
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Farkas, & Turek, 2008). The identification of new high-pressure applications with proven 79 
advantages over current technologies will also contribute to this aim (Balasubramaniam et al., 80 
2008; Hogan, Kelly, & Sun, 2005).  81 
The objective of this paper is to compare the hyperbaric storage of food at room 82 
temperature, as a new preservation technique, to refrigeration, a well-established method. To 83 
do that, storage experiments were carried out at different pressures (0.1, 25, 100 and 220 MPa) 84 
and 20 ºC in raw strawberry juice, a simple liquid matrix appropriate for these initial experiments 85 
and widely employed as a food ingredient. After 15 days of storage, some safety and quality 86 
attributes (microbial population, viscosity and color) were measured and compared to those of 87 
raw and pasteurized juice samples stored at atmospheric pressure and 5 ºC for the same 88 
period. The stability of the samples after decompression was also studied to know if the juice 89 
should be immediately processed or consumed after the hyperbaric storage or if it remains 90 
stable, in refrigeration, for some time. All the results obtained in this paper can provide 91 
important information to evaluate the viability of hyperbaric storage at room temperature for food 92 
preservation. 93 
 94 
2. MATERIALS AND METHODS 95 
 96 
2.1. Sample 97 
Strawberries (Fragaria x ananassa Duch., cv. Chandler) were purchased at commercial 98 
maturity from a local supplier. The fruits were washed with tap water and processed with a 99 
Moulinex Frutti Pro juicer (Moulinex, France). The liquid obtained was then centrifugated at 100 
3500 g and 7 ºC for 10 min in a Sorvall Evolution RC Superspeed centrifuge (Thermo Scientific, 101 
Madrid, Spain) using a Fiberlite F8-6x1000y rotor (Thermo Scientific, Madrid, Spain). The 102 
supernatant was subsequently collected, filtered through a 0.1 mm pore diameter sieve and 103 
bottled. This juice was frozen and stored at -80 ºC until utilization.  104 
 105 
2.2. Physicochemical analyses in the raw material 106 
Before each experiment, a frozen batch of strawberry juice was thawed overnight at 5 107 
ºC. This juice was then characterized by measuring some of its physicochemical properties (see 108 
Table 1). Soluble solids concentration (ºBrix) was approximated by using a digital refractometer 109 
(Leica AR200, Leica Microsystems Inc, New York, USA) with automatic temperature 110 
compensation. pH was measured with a pH-meter (pH-Burette 24 1S equipped with a pH 50 21 111 
electrode and a C.A.T. 55 31 temperature sensor, Crison Instruments, Barcelona, Spain). 112 
Density was determined by the vibrating tube technique with a DMA 5000 density-meter (Anton-113 
Paar GmbH, Graz, Austria). Viscosity and color were estimated as described in the next 114 
sections. All these measurements were performed in triplicate for each thawed batch of juice 115 
employed in each experiment. Data in Table 1 are mean and standard deviation values 116 
calculated from the results obtained in all the experiments. 117 
 118 
4 
 
2.3. Storage experiments under pressure 119 
Experiments were carried out in a pilot-plant high-pressure storage system V1 (Institute 120 
of High Pressure Physics, Unipress Equipment Division, Poland). It was composed of two high-121 
pressure stainless steel vessels with independent pressure control, two control terminals and a 122 
high-pressure pump BP3 (Institute of High Pressure Physics, Unipress Equipment Division, 123 
Poland). Each high-pressure vessel was located in an individual thermostatic chamber and was 124 
connected, via a feed-through in the chamber wall, to its control terminal by means of a high-125 
pressure capillary tube. Both vessels had 100 mm internal diameter, 130 mm height and a 126 
working volume of 1 L. The high-pressure pump was able to reach a maximum pressure of 250 127 
MPa and was commanded by a programmable controller with a control panel. A mixture of 128 
propylene glycol and water (44% v/v) was used as compressing fluid. 129 
Temperature was measured in each pressure vessel by a metal sheathed 130 
thermocouple, type T, located at its geometric center. Pressure produced in the high-pressure 131 
intensifier was monitored by a pressure transducer (0-400 MPa, SH-1, WIKA, Germany). All 132 
sensor measurements were recorded every 30 s by a data acquisition system (MW100 Data 133 
Acquisition Unit, Yokogawa Electric Corporation, Tokyo, Japan). 134 
Storage experiments for 15 days under pressure were performed at 20 ºC and three 135 
different pressure levels (25, 100 and 220 MPa) to obtain samples labeled as SUP_25, 136 
SUP_100 and SUP_220, respectively. After compression, temperature in SUP samples 137 
increased by 1-4 ºC, depending on the pressure level applied. In all the cases, the target 138 
temperature was subsequently achieved in no more than 15 minutes.  139 
Control juices (C samples) were maintained at 0.1 MPa and 20 ºC for the same period. 140 
All the samples were stored in 50 mL polypropylene Falcon tubes. The tubes were completely 141 
filled with the strawberry juice and closed with screw caps sealed by a nitrile rubber O-ring. 142 
  143 
2.4. Refrigerated storage at atmospheric pressure  144 
Raw (R_R samples) and heat pasteurized (R_P samples) strawberry juices were placed 145 
in 50 mL polypropylene Falcon tubes and stored at 5 ºC and atmospheric pressure for 15 days.  146 
Samples to be pasteurized were thermally treated in a water bath at 90 ºC until the temperature 147 
at the core was maintained at 85 ºC for 90 s.  Once processed, the juice was immediately 148 
cooled in an ice-water bath.  149 
 150 
2.5. Stability of the strawberry juices after the hyperbaric storage 151 
After 15 days of hyperbaric storage at 20 ºC, SUP samples were decompressed and 152 
stored at 5 ºC for 15 additional days to assess the stability of the product after the storage under 153 
pressure. R_R and R_P samples were also stored at 5 ºC for fifteen more days to make 154 
comparisons. 155 
 156 
2.6. Microbial analysis 157 
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Ten-fold serial dilutions of the strawberry juice samples were prepared in buffered 158 
peptone water. Total aerobic counts at 30 ºC were determined, following the standard method 159 
AFNOR NF V 08-051, by the pour plate method in plate count agar (PCA). Plates were 160 
incubated at 30 ± 1 ºC for 72 ± 3 h and the colonies formed were counted. Yeasts and moulds 161 
were enumerated on Sabouraud Chloramphenicol Agar (SCA) medium by the surface spread 162 
plate method, according to the standard method AFNOR XP V 08-059. SCA plates were 163 
incubated at 25 ± 1ºC for 5 days and the colonies of yeasts and moulds were counted. Data 164 
were expressed as log10 cfu/ml. The detection limits were 10 cfu/ml for aerobic total counts and 165 
100 cfu/ml for yeasts and moulds. 166 
 167 
2.7. Viscosity measurement 168 
The kinematic viscosity of the samples was determined using a Cannon-Fenske 169 
reverse-flow glass capillary viscometer (Nº 150, Fungilab S.A., Spain), immersed in a 170 
thermostatic water bath (Thermocap, Fungilab S.A., Spain) tempered at 40 ± 0.05 °C. The efflux 171 
time was measured manually using a digital stopwatch (Oregon Scientific TR118, Oregon 172 
Scientific, Spain). The kinematic viscosity (ν), expressed in centiStokes (1 cSt = 10
-6
 m
2
·s
-1
), 173 
was calculated from the efflux time (t) and the viscometer calibration constant (C) at 40 ºC, 174 
provided by the manufacturer, by using the following equation: 175 
ν = t · C                                                                       (1) 176 
 177 
2.8. Color measurement 178 
Strawberry juice color was characterized objectively according to the L*, a*, and b* color 179 
parameters in the CIELab uniform color space defined by the Commission Internationale 180 
d’Eclairage. A CM-3500d spectrophotometer managed by the color data software CM-S100w 181 
SpectraMagic
TM
 (Konica Minolta, Japan) was used for this purpose. The spectrophotometer 182 
operated in the reflectance specular included mode with an aperture size of 8 mm in diameter. 183 
Measurements were made with the D65 standard illuminant and the ultraviolet component of 184 
the illumination was included. Illuminating and viewing configurations complied with the CIE 185 
diffuse/8º geometry. The instrument was calibrated with black and white (No. 14671004) 186 
standards before each series of analysis. To make the measurements, a glass Petri-dish 187 
(42 mm internal diameter) was filled with 10 mL of juice, closed with its cap and covered by the 188 
black standard (a closed cylindrical tube with black walls). In each Petri-dish, five 189 
measurements were performed: one at its center and four at radial positions distributed 90 190 
degrees apart and the obtained L*, a* and b* values were averaged. From these mean values, 191 
the total color change ∆E*, hue angle hº and chroma C* parameters were also calculated. The 192 
formulas for their calculation are given below: 193 
2
0
2
0
2
0 *)b*b(*)a*a(*)L*L(*EΔ    (2) 194 
where L0*, a0* and b0* are values for the raw juice (Table 1). 195 
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22 *** baC                                                                   (4) 197 
 198 
2.9. Statistical analysis 199 
All the storage experiments were performed, at least, in triplicate and all the analyses in 200 
each sample obtained were also done in triplicate. From these data, means and standard 201 
deviations were calculated for each storage method.  202 
The results were statistically analyzed using IBM SPSS Statistics v. 19.0.0 for Windows 203 
(SPSS Inc., Somers, NY, USA). After a one-way analysis of variance (ANOVA), significant 204 
differences among means (P < 0.05) were determined by Tukey’s multiple range test. 205 
 206 
3. RESULTS AND DISCUSSION 207 
 208 
3.1. Stability of the strawberry juices during the hyperbaric storage 209 
 210 
3.1.1. Microbial load 211 
 The mean initial populations of total aerobic mesophiles and yeasts and moulds in the 212 
raw strawberry juice were 2.9 and < 2.6 log10 cfu/ml, respectively (Table 1). Thermal 213 
pasteurization at 85 ºC for 90 s reduced both population levels below the detection limits. 214 
After 15 days of storage at 20 ºC, microbial growth was evident in the control juices 215 
maintained at 0.1 MPa as expected: both total aerobic plate counts and yeasts and moulds 216 
increased by more than 3 log10 units. C samples were spoiled and off flavors, unpleasant odors 217 
and gas production were detected in them. On the contrary, all the samples stored under 218 
pressure (25, 100 or 220 MPa) at 20 ºC reduced their natural microflora below the detection 219 
limits. The pressure level employed during the storage did not have a significant effect on the 220 
microbial load after 15 days. 221 
On the other hand, refrigerated storage for 15 days at 5 ºC was hardly efficient to slow 222 
down the microbial growth in the raw juices stored at atmospheric pressure. Thus, total aerobic 223 
plate counts increased by more than 2 log10 units in R_R samples as compared to 3 log10 units 224 
in C samples. Refrigeration, unlike hyperbaric storage, was not effective to avoid microbial 225 
growth in raw juices and thermal pasteurization was needed to obtain stable strawberry juices 226 
for 15 days at 5 ºC (Table 2). 227 
It is widely recognized that high hydrostatic pressures, between 10 and 100 MPa, are 228 
generally nonlethal for those microorganisms adapted to atmospheric conditions, but they exert 229 
adverse effects on them and reduce their growth (Abe, 2007; Abe & Horikoshi, 2000; Bartlett, 230 
2002; Matsumura, Keller, & Marquis, 1974). The inhibitory effect of pressure on the growth of 231 
the natural microflora present in different food products was already reported by Charm et al. 232 
(1977). These authors did not find any increase of the total bacteria counts in cod fillets, beef 233 
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and chicken samples stored at 27 MPa and temperatures close to 0 ºC for 10 to 60 days. 234 
Similar results were found by Deuchi & Hayashi (1992) in unfrozen ground beef stored under 235 
pressure (50-200 MPa) at subzero temperatures for a few days or weeks. Thus, coliforms, 236 
Enterobacteriaceae, Gram (-) and Gram (+) psychrophiles, Enterococci and lactic acid bacteria 237 
counts in beef decreased after the hyperbaric storage. 238 
The microbial inactivation detected, in this paper, in SUP samples could be related not 239 
only with the pressure applied during the storage, but also with the acidic nature of the 240 
strawberry juice which could be enhanced by the reversible pH shift that aqueous solutions 241 
undergo under pressure (Neuman, Kauzmann, & Zipp, 1973). It is well known that pressure 242 
effects on microorganisms depend not only on the magnitude and duration of the pressure 243 
applied, but also on other physicochemical factors like temperature, pH, or the composition of 244 
the culture media. In this sense, Matsumura et al. (1974) showed that pressure markedly 245 
narrows the pH ranges for growth of a variety of bacteria and, therefore, minimum pH values for 246 
microbial growth are higher under pressure than at atmospheric conditions. Moreover, different 247 
authors in the literature have shown that as pH is lowered, most microbes become more 248 
susceptible to high-pressure inactivation (Farkas & Hoover, 2000; Garcia-Graells, Hauben, & 249 
Michiels, 1998; Linton, McClements, & Patterson, 1999; Smelt, 1998).   250 
 251 
3.1.2. Viscosity  252 
Viscosity is an important quality parameter in fruit juices which mainly affects their 253 
mouthfeel and the ability to hold their solid portion in suspension for all the product shelf life. 254 
 The initial kinematic viscosity measured in the raw strawberry juice was 5.0 ± 0.3 cSt 255 
(see Table 1). The thermal treatment applied to pasteurize samples severely reduced their 256 
viscosity by more than 50% (Figure 1) probably due to the thermal degradation of pectic 257 
substances. Similar viscosity reductions were found by other authors in tomato and guava 258 
juices after thermal processing (Thakur, Singh, & Nelson, 1997; Yen & Lin, 1998). 259 
After 15 days of storage, viscosity fell down in all the raw samples stored at 20 ºC 260 
(Figure 1). The reduction was significantly more pronounced (P<0.05) in those samples 261 
maintained at atmospheric pressure (C samples), where the viscosity values were less than 1 262 
cSt. In these samples, an evident phase separation was also observed. On the contrary, no 263 
significant cloud losses were detected in SUP samples, although a small amount of solid 264 
sediments was observed at the bottom of the Falcon tubes. Moreover, hyperbaric storage was 265 
effective to attenuate, to a certain extent, the viscosity decay. Thus, viscosity reduced by 79.2%, 266 
71.1% and 63.7% in SUP_25, SUP_100 and SUP_220 samples, respectively, as compared to 267 
83.6% in C samples. Pressure level applied during the storage had a significant effect (P<0.05) 268 
and the higher the pressure, the lower was the decrease in viscosity observed.  269 
Viscosity losses, during the storage of fruit juices, are mainly related to the 270 
depolymerization of pectin caused by the combined action of different endogenous pectinases 271 
(Duvetter et al., 2009). Among them, pectin methylesterase (PME) and polygalacturonase (PG) 272 
are the most widely studied in the literature. PME catalyzes the de-esterification of pectin 273 
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releasing methanol and low-methoxyl pectin. This de-esterified pectin is the substrate for PG 274 
which subsequently catalyzes its depolymerization and, in this way, drastic decreases in the 275 
viscosity of juices can be produced during their storage. 276 
It is well known that pressure can induce structural rearrangements in enzymes which 277 
can cause their activation, especially at relatively low pressures (~ 100 MPa), or produce their 278 
partial or total inactivation, in a reversible or irreversible manner. An apparent enzyme activation 279 
can also be produced by pressure-induced disruption of intact tissues which enhances enzyme 280 
extraction and enzyme-substrate interactions (Hendrickx, Ludikhuyze, Van den Broeck, & 281 
Weemaes, 1998). The specific effect of pressure on a particular enzyme depends on several 282 
factors such as the structure of the enzyme, its origin, the medium composition, pH, or the 283 
temperature and pressure levels applied, among others. Different authors have shown that PME 284 
from different plant sources like pepper (Castro, Loey, Saraiva, Smout, & Hendrickx, 2006), 285 
tomato (Crelier, Robert, Claude, & Juillerat, 2001; Shook, Shellhammer, & Schwartz, 2001; 286 
Tangwongchai, Ledward, & Ames, 2000), white grapefruit (Guiavarc'h, Segovia, Hendrickx, & 287 
Van Loey, 2005), plum (Nunes et al., 2006) or carrot (Trejo Araya et al., 2007) can be regarded 288 
as a pressure resistant enzyme since pressures higher than 700 MPa are usually required to 289 
induce short-term inactivation at room temperature. In purified strawberry PME, pressures from 290 
850 MPa, at 10ºC and pH = 7, were needed to produce some inactivation. Moreover, the 291 
occurrence of a pressure-stable PME fraction, which contributes about 10% of the total activity, 292 
was detected (Ly-Nguyen et al., 2002).  Pressure effects on polygalacturonase are considerably 293 
less studied and no data have been found on strawberry PG. Available data on tomato show 294 
that tomato PG is much more pressure-labile than PME. Thus, an almost complete PG 295 
inactivation has been described in cherry tomatoes after a pressure treatment at 500 MPa and 296 
ambient temperature (Tangwongchai et al., 2000). Similar results were found by Crelier et al. 297 
(2001) and Fachin et al. (2003) in tomato juice and by Shook et al. (2004) in tomato dices. 298 
Nevertheless, no significant PG inactivation has been described at pressures lower than 350 299 
MPa (Crelier et al., 2001; Fachin et al., 2003; Shook et al., 2001; Tangwongchai et al., 2000). 300 
All these data show that, in principle, no significant PME and PG inactivation should be 301 
expected at the pressure/temperature conditions employed in this paper, although the effect of 302 
long times under pressure should not be neglected. 303 
Anyway, in hyperbaric storage, it is important to evaluate not only the pressure stability 304 
of enzymes, but also their catalytic activity under pressure. Pressure can induce changes in the 305 
rate of enzyme-catalyzed reactions and they can be accelerated or decelerated under pressure. 306 
These changes, as Eisenmenger and Reyes de Courcuera (2009) pointed out, can be produced 307 
by pressure-induced changes in the structure of enzymes or in the reaction mechanisms; for 308 
example, a change in the rate-limiting step. Moreover, pressure can also induce changes in the 309 
physical properties (e.g. pH, density, viscosity, phase) of the substrate and/or solvent which 310 
affect the enzyme structure or the rate-limiting step. Previous studies in the literature, most of 311 
them in model systems, showed that PME and PG activities under pressure are highly 312 
dependent on their origin, the substrate employed, the ionic environment and the temperature 313 
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and pressure levels applied (Duvetter et al., 2006; Sila et al., 2007; Van Den Broeck, 314 
Ludikhuyze, Van Loey, & Hendrickx, 2000; Verlent, Van Loey, Smout, Duvetter, & Hendrickx, 315 
2004b).  Unfortunately, studies at 20 ºC and at the low pressures levels employed in this paper 316 
are very scarce and no conclusive data can be extracted from them. In general terms, PME 317 
activity, at temperatures between 30 ºC and 65 ºC, increases with pressure up to an optimal 318 
pressure level and then decreases with increasing pressure (Duvetter et al., 2006; Sila et al., 319 
2007; Van Den Broeck et al., 2000). But, Van den Broeck et al. (2000) found that purified 320 
tomato PME activity, at 20 ºC and neutral pH, was slightly lower at pressures up to 300 MPa 321 
than at atmospheric conditions. A subsequent study by the same research group (Verlent et al., 322 
2004a) in purified tomato PME, at pH = 4.4 and pH = 8, showed that pressure up to 450 MPa 323 
accelerates the PME catalyzed de-esterification of pectin at temperatures between 30 ºC and 324 
65 ºC. This effect was clearly dependent on temperature and pH with the least response at the 325 
lowest pH and temperature conditions assayed. As regards polygalacturonase, different studies 326 
in purified tomato PG showed a reduced activity under pressure (100-400 MPa) at temperatures 327 
between 30 ºC and 50 ºC (Verlent, Smout, Duvetter, Hendrickx, & Van Loey, 2005; Verlent et 328 
al., 2004b). This reduced PG activity under pressure could justify the results obtained in this 329 
paper which prove that pressures up to 220 MPa are effective to slow down viscosity losses in 330 
raw strawberry juice during its storage at 20 ºC. But, it is important to note that all the previous 331 
results, obtained with purified PME and PG in buffer solutions, may be not representative of real 332 
tomato or strawberry products and more research work on the activity of pectolytic enzymes 333 
under pressure is needed to convincingly explain the results obtained in this paper. 334 
Refrigeration was significantly more efficient than hyperbaric storage to slow down 335 
viscosity decay in raw strawberry juices. No significant cloud losses were observed in 336 
refrigerated samples (raw or pasteurized), although a small amount of sediments, similar to that 337 
found in SUP samples, was distinguished at the bottom of the Falcon tubes. 338 
Figure 1 shows how viscosity in R_R samples reduced by 49.7% after 15 days of 339 
storage. Storage at low temperature is widely recognized as an effective method to reduce the 340 
activity of pectin-hydrolyzing enzymes (Imsabai, Ketsa, & Van Doorn, 2002), but Figure 1 shows 341 
that thermal pasteurization is needed if viscosity decay must be delayed for long times. Thermal 342 
pasteurization is able to reduce PME and PG activities and, in this way, it allows long-term 343 
preservation of refrigerated samples. In general terms, PME can be considered a rather heat-344 
labile enzyme while PG is very heat-resistant (Duvetter et al., 2009). Thus, in strawberry juices, 345 
Aguiló-Aguayo et al. (2009) found PME and PG residual activities of 22.2% and 76.2%, 346 
respectively, after thermal processing at 90 ºC for 60 s. Therefore, the thermal treatment applied 347 
to R_P samples in this paper is expected to cause an important decrease on PME activity, 348 
although it should hardly affect PG activity. This decrease on PME activity altogether with the 349 
refrigerated storage applied should strongly slow down the depolymerization of pectin and it can 350 
explain the high stability found in the viscosity of R_P samples. 351 
 352 
3.1.3. Color  353 
10 
 
The bright red color of strawberry juice is one of the most important quality parameters 354 
to which consumers are sensitive, but it easily degrades during processing and storage. 355 
Instrumental color parameters (L*, a* and b*) initially measured in the raw strawberry juice are 356 
shown in Table 1. The thermal treatment applied to the pasteurized samples caused a slight, 357 
but significant (P<0.05), increase in L* values (L* = 27.71 ± 0.11), but no changes were found in 358 
redness (a* = 7.99 ± 0.18) and yellowness (b* = 3.60 ± 0.13). Thus, the total color change was 359 
quite small (ΔE* = 0.43 ± 0.08) in these samples. Similar results were found by Gösinger et al.  360 
(2009) in strawberry nectar thermally treated at 85 ºC for 10 min. Aguiló-Aguayo et al. (2009) 361 
also found an increase in the lightness of strawberry juices thermally treated at 90 ºC for either 362 
30 s or 60 s, but they reported a significant decrease in a*/b* probably due to the more severe 363 
thermal conditions applied. 364 
Storage at 20 ºC for 15 days produced color losses in all the samples. The color decay 365 
was considerably more pronounced in those samples stored at atmospheric pressure (C 366 
samples) as expected.  In these samples, significant alterations (P<0.05) in L*, a* and b* were 367 
found: lightness increased by 9.6% and redness and yellowness decreased by 33.5% and 368 
64.1%, respectively. Thus, the color of C samples became less intense and more violet, which 369 
was indicated by a significant decrease (P<0.05) in chroma and hue values (Figure 2).  These 370 
color changes produced the highest ΔE* = 4.5 ± 0.7 value. Hyperbaric storage was effective to 371 
substantially attenuate the color degradation in SUP samples. Thus, maximum L* increases of 372 
0.8% were detected in SUP_25 samples and maximum a* and b* decreases of 13.6% and 373 
19.7% were found in SUP_25 and SUP_ 100 samples, respectively. This resulted in a reduced 374 
degradation of hue and chroma values as compared to C samples (Figure 2). Pressure level 375 
applied during the storage had not a significant effect (P<0.05) on the color decay in the 376 
pressure range studied and ΔE* was 1.3 ± 0.1 in all the samples stored under pressure. 377 
It is well known that the attractive color of strawberry juice mainly comes from the 378 
anthocyanins present in the fruit. Pelargonidin-3-glucoside is the major anthocyanin found in 379 
cultivated strawberries, although other compounds such as pelargonidin-3-rutinoside and 380 
cyanidin-3-glucoside are also found in smaller concentrations (Aaby, Mazur, Nes, & Skrede, 381 
2012; Garcia-Viguera, Zafrilla, & Tomás-Barberán, 1998). Anthocyanins may degrade during 382 
the storage of juices and several factors such as light, temperature, pH and presence of 383 
oxygen, certain metal ions or L-ascorbic acid, among others, are implicated. All these 384 
parameters affect the condensation of anthocyanins (self-association) and copigmentation 385 
phenomena (interaction of anthocyanin with polyphenols) which produce color changes in the 386 
juice. Nevertheless, the key role in color degradation during juice storage is commonly 387 
attributed to the presence of some enzymes such as polyphenoloxidase (PPO), peroxidase 388 
(POD) and β-glucosidase which can be responsible for anthocyanin degradation (Chisari, 389 
Barbagallo, & Spagna, 2007; López-Serrano & Ros Barceló, 2002; Zabetakis, Leclerc, & Kajda, 390 
2000b). 391 
Figure 2 and Table 3 clearly show that hyperbaric storage was efficient to attenuate, to 392 
a great extent, the color decay in samples stored at 20 ºC. Different authors have shown that 393 
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high-pressure processing (200-800 MPa) for some minutes, at low and moderate temperatures, 394 
has a limited effect on the color and anthocyanin content of different fruits (Cao et al., 2011; 395 
Kouniaki, Kajda, & Zabetakis, 2004; Oey, Lille, Van Loey, & Hendrickx, 2008; Patras, Brunton, 396 
Da Pieve, & Butler, 2009; Terefe, Matthies, Simons, & Versteeg, 2009; Zabetakis et al., 2000b) 397 
but, the effect of long-term storage under pressure has not been studied yet. The reduced color 398 
decay found in SUP samples as compared to C samples can be indicative of a slowdown in 399 
anthocyanin degradation under pressure. It could be related to some partial PPO, POD or β-400 
glucosidase inactivation since different authors have shown that high-pressure processing for 401 
some minutes can produce a partial inactivation of these enzymes in strawberry products 402 
(Cano, Hernandez, & De Ancos, 1997; Cao et al., 2011; Dalmadi, Rapeanu, Van Loey, Smout, 403 
& Hendrickx, 2006; Garcia-Palazon, Suthanthangjai, Kajda, & Zabetakis, 2004; Terefe et al., 404 
2009; Terefe, Yang, Knoerzer, Buckow, & Versteeg, 2010; Zabetakis, Koulentianos, Orruño, & 405 
Boyes, 2000a).  On the other hand, no studies have been found in the literature about 406 
polyphenoloxidase, peroxidase or β-glucosidase activities under pressure but, as previously 407 
commented, pressure can also induce changes in the rate of enzyme-catalyzed reactions 408 
(Eisenmenger & Reyes de Corcuera, 2009). In this sense, the aforementioned reversible pH 409 
shift that aqueous solutions undergo under pressure (Neuman et al., 1973) should affect the 410 
rate of PPO and POD catalyzed reactions since Chisari et al. (2007) and Dalmadi et al. (2006) 411 
have proved that strawberry PPO and POD activities are strongly affected by pH. 412 
Therefore, the improved stability of color in SUP samples could be related to either 413 
some partial PPO, POD or β-glucosidase inactivation or some reduction in their catalytic activity 414 
under pressure, but specific experiments should be designed to probe the hypothesis 415 
presented. Moreover, other mechanisms implied in anthocyanin degradation, apart from 416 
enzymatic browning, should not be neglected. 417 
 On the other hand, Figure 2 and Table 3 show that refrigeration was slightly more 418 
efficient than hyperbaric storage to preserve color in strawberry juice. Raw and pasteurized 419 
samples only suffered minor changes in the color parameters measured after 15 days of 420 
refrigerated storage at 5 ºC. Thus, only some significant differences (P<0.05) appeared through 421 
the statistical analysis: a significant increase of 1.3% in L* values was detected in R_P samples 422 
while a significant decrease of 3.9% in a* values was perceived in R_R samples. These color 423 
degradations were, in any case, small and they involved limited total color changes: ΔE* = 0.7 ± 424 
0.1 and ΔE* = 0.4 ± 0.2 in R_P and R_R samples, respectively.  These ΔE* values were rather 425 
close to those produced in SUP samples and, therefore, no sensorial differences should be 426 
noticed between refrigerated and pressure stored samples after 15 days of storage as a 427 
threshold value of ΔE* = 1 is frequently assumed as a basis for a color perceptible difference 428 
(Gonnet, 1998; Rein & Heinonen, 2004).  429 
The results obtained confirm previous findings in the literature which proved that 430 
storage at low temperature is an efficient method to slow down the degradation of color 431 
components and anthocyanins (García-Viguera et al., 1999; Gössinger et al., 2009; Wang & Xu, 432 
2007) and the activity of polyphenoloxidase and peroxidase (Chisari et al., 2007). 433 
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 434 
3.2. Stability of the strawberry juices after the hyperbaric storage 435 
After 15 days of hyperbaric storage at 20 ºC, SUP samples were carried to atmospheric 436 
pressure and stored at 5 ºC for two weeks. Then, microbial analyses, viscosity and color 437 
measurements were made to evaluate the stability of the product, at 0.1 MPa and refrigerated 438 
conditions, after the storage under pressure. As previously commented, C samples, stored at 439 
0.1 MPa and 20 ºC for 15 days, were spoiled and, therefore, they were discarded in this phase 440 
of the work. Raw and thermally pasteurized juices, stored in refrigeration for 15 days, were 441 
maintained at 5 ºC for two more weeks to make comparisons. 442 
No microbial growth was detected in SUP samples two weeks after the hyperbaric 443 
storage. In all these samples, the microbial population remained below the detection limits. The 444 
same result was obtained in the thermally pasteurized juices after 30 days of refrigerated 445 
storage. On the contrary, total aerobic plate counts and yeasts and moulds in R_R samples 446 
increased by more than 1 and 2 log10 units, respectively, during the last two weeks of 447 
refrigerated storage. 448 
In regard to viscosity, all the SUP samples underwent, after the hyperbaric storage, a 449 
slight, but significant (P<0.05) reduction in their viscosity values. Nevertheless, this viscosity 450 
decay was considerably lower than the decline detected in R_R samples during the last 15 days 451 
of storage (see Figure 1). By contrast, viscosity of pasteurized juices remained stable for the 452 
complete storage period.  453 
Concerning color stability, Figure 2 clearly shows that chroma and hue values were very 454 
stable in all the samples considered, whichever the preservation technique employed in the first 455 
15 days of storage. This confirms the major role played by temperature in slowing color 456 
degradation in strawberry juices. 457 
Strawberry juices, stored under pressure at 20 ºC for 15 days, were stable after 458 
decompression for, at least, two more weeks at 5 ºC. But, pressure applied could be only partly 459 
responsible for the lack of microbial growth observed in SUP samples. Many evidences in the 460 
literature show that pressure processing, for some minutes, do not efficiently inactivate bacterial 461 
spores and ascospores of molds, even at pressure levels substantially higher than those 462 
employed in this paper (Farkas & Hoover, 2000; Smelt, 1998). The low pH of the strawberry 463 
juice and the refrigerated conditions applied after decompression must also be implied in the 464 
results obtained because it is well known that both factors (low pH and low temperature) make 465 
difficult the damage reparation in sublethally injured cells (Farkas & Hoover, 2000; Garcia-466 
Graells et al., 1998; Linton et al., 1999; Smelt, 1998), the growth of many microorganisms and 467 
the germination of spores.  468 
 469 
4. CONCLUSIONS 470 
Hyperbaric storage has been found to be an efficient method to reduce the microbial 471 
load and avoid the growth of microorganisms in raw strawberry juices stored at 20 ºC for 15 472 
days.  Pressure was also effective to attenuate viscosity and color losses in samples stored at 473 
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20 ºC, although refrigerated storage was significantly more efficacious to delay viscosity and 474 
color decay. Nevertheless, low temperature by itself failed in avoiding microbial growth in raw 475 
juices and thermal pasteurization was needed to obtain stable strawberry juices for 15 days at 5 476 
ºC. All these results show that hyperbaric storage at room temperature could represent an 477 
interesting technology for short-term preservation of raw food commodities. Long-term 478 
preservation should involve the previous enzymatic inactivation of the product. 479 
Hyperbaric storage at room temperature could imply important energy savings in 480 
different sections of the cold chain since, as already mentioned, energy costs of this technology 481 
are only produced during compression and maintaining the product under pressure does not 482 
involve any additional energy requirement. Nevertheless, more research is needed before 483 
giving categorical conclusions about the potential of this preservation method: it is necessary to 484 
test hyperbaric storage in other food products with different characteristics (vegetal and animal 485 
origin, liquids and solids, different textures, structures or pH, among others), to investigate the 486 
behavior of selected microorganisms for long periods under pressure, to study the activity of 487 
different enzymes implied in food spoilage during hyperbaric storage, to prove the stability of 488 
different bioactive compounds under pressure and, finally, to evaluate both the capital and the 489 
operating costs involved. Next studies should be focused in all these points. 490 
 491 
ACKNOWLEDGEMENTS 492 
This work has been supported by the R+D+I National Plan of the Spanish Ministry of Education 493 
and Science (MEC), through the projects AGL2007-63314/ALI and CSD2007-00045 MALTA 494 
CONSOLIDER-INGENIO 2010, by CSIC through the project 201070I033 and by the Madrid 495 
Community through the project QUIMAPRES S2009/PPQ-1551. K. Segovia has a contract from 496 
CSIC (JAE-DOC program) and A. Bermejo is supported by a predoctoral grant also from CSIC 497 
(JAE-PreDoc program).  498 
 499 
REFERENCES 500 
 501 
Aaby, K., Mazur, S., Nes, A., & Skrede, G. (2012). Phenolic compounds in strawberry (Fragaria 502 
x ananassa Duch.) fruits: Composition in 27 cultivars and changes during ripening. 503 
Food Chemistry, 132(1), 86-97. 504 
Abe, F. (2007). Exploration of the effects of high hydrostatic pressure on microbial growth, 505 
physiology and survival: Perspectives from piezophysiology. Bioscience, Biotechnology, 506 
and Biochemistry, 71(10), 2347-2357. 507 
Abe, F., & Horikoshi, K. (2000). Tryptophan permease gene TAT2 confers high-pressure growth 508 
in Saccharomyces cerevisiae. Molecular and Cellular Biology, 20(21), 8093-8102. 509 
Aguiló-Aguayo, I., Soliva-Fortuny, R., & Martín-Belloso, O. (2009). Changes in viscosity and 510 
pectolytic enzymes of tomato and strawberry juices processed by high-intensity pulsed 511 
electric fields. International Journal of Food Science and Technology, 44(11), 2268-512 
2277. 513 
Baba, T., & Ikeda, F. (2003). Use of high pressure treatment to prolong the postharvest life of 514 
mume fruit (Prunus mume). Acta Horticulturae, 628, 373-377. 515 
Baba, T., Ito, S., Ikeda, F., & Manago, M. (2008). Effectiveness of high pressure treatment at 516 
low temperature to improve postharvest life of horticultural commodities. Acta 517 
Horticulturae, 768, 417-422. 518 
14 
 
Balasubramaniam, V. M., Farkas, D., & Turek, E. J. (2008). Preserving foods through high-519 
pressure processing. Food Technology, 62(11), 32-38. 520 
Bartlett, D. H. (2002). Pressure effects on in vivo microbial processes. Biochimica et Biophysica 521 
Acta (BBA) - Protein Structure and Molecular Enzymology, 1595(1-2), 367-381. 522 
Cano, M. P., Hernandez, A., & De Ancos, B. (1997). High pressure and temperature effects on 523 
enzyme inactivation in strawberry and orange products. Journal of Food Science, 62(1), 524 
85-88. 525 
Cao, X., Zhang, Y., Zhang, F., Wang, Y., Yi, J., & Liao, X. (2011). Effects of high hydrostatic 526 
pressure on enzymes, phenolic compounds, anthocyanins, polymeric color and color of 527 
strawberry pulps. Journal of the Science of Food and Agriculture, 91(5), 877-885. 528 
Castro, S. M., Loey, A. V., Saraiva, J. A., Smout, C., & Hendrickx, M. (2006). Inactivation of 529 
pepper (Capsicum annuum) pectin methylesterase by combined high-pressure and 530 
temperature treatments. Journal of Food Engineering, 75(1), 50-58. 531 
Coulomb, D. (2008). Refrigeration and cold chain serving the global food industry and creating a 532 
better future: two key IIR challenges for improved health and environment. Trends in 533 
Food Science & Technology, 19(8), 413-417. 534 
Crelier, S., Robert, M. C., Claude, J., & Juillerat, M. A. (2001). Tomato (Lycopersicon 535 
esculentum) pectin methylesterase and polygalacturonase behaviors regarding heat- 536 
and pressure-induced Inactivation. Journal of Agricultural and Food Chemistry, 49(11), 537 
5566-5575. 538 
Charm, S. E., Longmaid, H. E., & Carver, J. (1977). Simple system for extending refrigerated, 539 
nonfrozen preservation of biological-material using pressure. Cryobiology, 14(5), 625-540 
636. 541 
Chisari, M., Barbagallo, R. N., & Spagna, G. (2007). Characterization of polyphenol oxidase and 542 
peroxidase and influence on browning of cold stored strawberry fruit. Journal of 543 
Agricultural and Food Chemistry, 55(9), 3469-3476. 544 
Dalmadi, I., Rapeanu, G., Van Loey, A. N. N., Smout, C., & Hendrickx, M. (2006). 545 
Characterization and inactivation by thermal and pressure processing of strawberry 546 
(Fragaria ananassa) polyphenol oxidase: A kinetic study. Journal of Food Biochemistry, 547 
30(1), 56-76. 548 
Deuchi, T., & Hayashi, R. (1992). High-pressure treatments at subzero temperature - application 549 
to preservation, rapid freezing and rapid thawing of foods. In C. Balny, R. Hayashi, K. 550 
Heremans & P. Masson (Eds.), High Pressure and Biotechnology (Vol. 224, pp. 353-551 
355). 552 
Duvetter, T., Fraeye, I., Sila, D. N., Verlent, I., Smout, C., Clynen, E., Schoofs, L., Schols, H., 553 
Hendrickx, M., & Van Loey, A. (2006). Effect of temperature and high pressure on the 554 
activity and mode of action of fungal pectin methyl esterase. Biotechnology Progress, 555 
22(5), 1313-1320. 556 
Duvetter, T., Sila, D. N., Van Buggenhout, S., Jolie, R., Van Loey, A., & Hendrickx, M. (2009). 557 
Pectins in processed fruit and vegetables: Part I—Stability and catalytic activity of 558 
pectinases. Comprehensive Reviews in Food Science and Food Safety, 8(2), 75-85. 559 
Eisenmenger, M. J., & Reyes de Corcuera, J. I. (2009). High pressure enhancement of 560 
enzymes: A review. Enzyme and Microbial Technology, 45(5), 331-347. 561 
Fachin, D., Smout, C., Verlent, I., Nguyen, B. L., Van Loey, A. M., & Hendrickx, M. E. (2004). 562 
Inactivation kinetics of purified tomato polygalacturonase by thermal and high-pressure 563 
processing. Journal of Agricultural and Food Chemistry, 52(9), 2697-2703. 564 
Fachin, D., Van Loey, A. M., Ly Nguyen, B., Verlent, I., Indrawati, A., & Hendrickx, M. E. (2003). 565 
Inactivation kinetics of polygalacturonase in tomato juice. Innovative Food Science and 566 
Emerging Technologies, 4(2), 135-142. 567 
Farkas, D. F., & Hoover, D. G. (2000). High pressure processing. Journal of Food Science, 65(8 568 
Spec. Suppl.), 47-64. 569 
Garcia-Graells, C., Hauben, K. J. A., & Michiels, C. W. (1998). High-pressure inactivation and 570 
sublethal injury of pressure-resistant Escherichia coli mutants in fruit juices. Applied and 571 
Environmental Microbiology, 64(4), 1566-1568. 572 
Garcia-Palazon, A., Suthanthangjai, W., Kajda, P., & Zabetakis, I. (2004). The effects of high 573 
hydrostatic pressure on [beta]-glucosidase, peroxidase and polyphenoloxidase in red 574 
raspberry (Rubus idaeus) and strawberry (Fragaria × ananassa). Food Chemistry, 575 
88(1), 7-10. 576 
15 
 
García-Viguera, C., Zafrilla, P., Romero, F., Abellán, P., Artés, F., & Tomás-Barberán, F. A. 577 
(1999). Color stability of strawberry jam as affected by cultivar and storage temperature. 578 
Journal of Food Science, 64(2), 243-247. 579 
Garcia-Viguera, C., Zafrilla, P., & Tomás-Barberán, F. A. (1998). The use of acetone as an 580 
extraction solvent for anthocyanins from strawberry fruit. Phytochemical Analysis, 9(6), 581 
274-277. 582 
Gonnet, J.-F. (1998). Colour effects of co-pigmentation of anthocyanins revisited--1. A 583 
colorimetric definition using the CIELAB scale. Food Chemistry, 63(3), 409-415. 584 
Gössinger, M., Moritz, S., Hermes, M., Wendelin, S., Scherbichler, H., Halbwirth, H., Stich, K., & 585 
Berghofer, E. (2009). Effects of processing parameters on colour stability of strawberry 586 
nectar from puree. Journal of Food Engineering, 90(2), 171-178. 587 
Guiavarc'h, Y., Segovia, O., Hendrickx, M., & Van Loey, A. (2005). Purification, characterization, 588 
thermal and high-pressure inactivation of a pectin methylesterase from white grapefruit 589 
(Citrus paradisi). Innovative Food Science &amp; Emerging Technologies, 6(4), 363-590 
371. 591 
Hendrickx, M., Ludikhuyze, L., Van den Broeck, I., & Weemaes, C. (1998). Effects of high 592 
pressure on enzymes related to food quality. Trends in Food Science &amp; 593 
Technology, 9(5), 197-203. 594 
Hogan, E., Kelly, A. L., & Sun, D.-W. (2005). High pressure processing of foods: An overview. In 595 
S. Da-Wen (Ed.), Emerging Technologies for Food Processing (pp. 3-32). London: 596 
Academic Press. 597 
Imsabai, W., Ketsa, S., & Van Doorn, W. G. (2002). Effect of temperature on softening and the 598 
activities of polygalacturonase and pectinesterase in durian fruit. Postharvest Biology 599 
and Technology, 26(3), 347-351. 600 
James, S. J., & James, C. (2010). The food cold-chain and climate change. Food Research 601 
International, 43(7), 1944-1956. 602 
Jannasch, H. W., Eimhjellen, K., Wirsen, C. O., & Farmanfarmaian, A. (1971). Microbial 603 
degradation of organic matter in deep sea. Science, 171(3972), 672-675. 604 
Kalichevsky, M. T., Knorr, D., & Lillford, P. J. (1995). Potential food applications of high-605 
pressure effects on ice-water transitions. Trends in Food Science & Technology, 6(8), 606 
253-259. 607 
Kouniaki, S., Kajda, P., & Zabetakis, I. (2004). The effect of high hydrostatic pressure on 608 
anthocyanins and ascorbic acid in blackcurrants (Ribes nigrum). Flavour and Fragrance 609 
Journal, 19(4), 281-286. 610 
Linton, M., McClements, J. M. J., & Patterson, M. F. (1999). Inactivation of Escherichia coli 611 
O157:H7 in orange juice using a combination of high pressure and mild heat. Journal of 612 
Food Protection, 62(3), 277-279. 613 
López-Serrano, M., & Ros Barceló, A. (2002). Comparative study of the products of the 614 
peroxidase-catalyzed and the polyphenoloxidase-catalyzed (+)-catechin oxidation. Their 615 
possible implications in strawberry (Fragaria × ananassa) browning reactions. Journal 616 
of Agricultural and Food Chemistry, 50(5), 1218-1224. 617 
Ly-Nguyen, B., Van Loey, A. M., Fachin, D., Verlent, I., Duvetter, T., Vu, S. T., Smout, C., & 618 
Hendrickx, M. E. (2002). Strawberry pectin methylesterase (PME): Purification, 619 
characterization, thermal and high-pressure inactivation. Biotechnology Progress, 18(6), 620 
1447-1450. 621 
Matsumura, P., Keller, D., & Marquis, R. (1974). Restricted pH ranges and reduced yields for 622 
bacterial growth under pressure. Microbial Ecology, 1(1), 176-189. 623 
Mitsuda, H., Kawai, F., & Yamamoto, A. (1972). Underwater and underground storage of cereal 624 
grains. Food Technology, 26(3), 50-56. 625 
Neuman, R. C., Kauzmann, W., & Zipp, A. (1973). Pressure dependence of weak acid 626 
ionization in aqueous buffers. The Journal of Physical Chemistry, 77(22), 2687-2691. 627 
Nunes, C. S., Castro, S. M., Saraiva, J. A., Coimbra, M. A., Hendrickx, M. E., & Van Loey, A. M. 628 
(2006). Thermal and high-pressure stability of purified pectin methylesterase from 629 
plums (prunus domestica). Journal of Food Biochemistry, 30(2), 138-154. 630 
Oey, I., Lille, M., Van Loey, A., & Hendrickx, M. (2008). Effect of high-pressure processing on 631 
colour, texture and flavour of fruit- and vegetable-based food products: a review. Trends 632 
in Food Science & Technology, 19(6), 320-328. 633 
Patras, A., Brunton, N. P., Da Pieve, S., & Butler, F. (2009). Impact of high pressure processing 634 
on total antioxidant activity, phenolic, ascorbic acid, anthocyanin content and colour of 635 
16 
 
strawberry and blackberry purées. Innovative Food Science & Emerging Technologies, 636 
10(3), 308-313. 637 
Rein, M. J., & Heinonen, M. (2004). Stability and enhancement of berry juice color. Journal of 638 
Agricultural and Food Chemistry, 52(10), 3106-3114. 639 
Robitaille, H. A., & Badenhop, A. F. (1981). Mushroom response to post-harvest hyperbaric 640 
storage. Journal of Food Science, 46(1), 249-253. 641 
Shook, C. M., Shellhammer, T. H., & Schwartz, S. J. (2001). Polygalacturonase, pectinesterase, 642 
and lipoxygenase activities in high-pressure-processed diced tomatoes. Journal of 643 
Agricultural and Food Chemistry, 49(2), 664-668. 644 
Sila, D. N., Smout, C., Satara, Y., Truong, V., Van Loey, A., & Hendrickx, M. (2007). Combined 645 
thermal and high pressure effect on carrot pectinmethylesterase stability and catalytic 646 
activity. Journal of Food Engineering, 78(3), 755-764. 647 
Smelt, J. P. P. M. (1998). Recent advances in the microbiology of high pressure processing. 648 
Trends in Food Science and Technology, 9(4), 152-158. 649 
Tangwongchai, R., Ledward, D. A., & Ames, J. M. (2000). Effect of high-pressure treatment on 650 
the texture of cherry tomato. Journal of Agricultural and Food Chemistry, 48(5), 1434-651 
1441. 652 
Terefe, N. S., Matthies, K., Simons, L., & Versteeg, C. (2009). Combined high pressure-mild 653 
temperature processing for optimal retention of physical and nutritional quality of 654 
strawberries (Fragaria × ananassa). Innovative Food Science & Emerging 655 
Technologies, 10(3), 297-307. 656 
Terefe, N. S., Yang, Y. H., Knoerzer, K., Buckow, R., & Versteeg, C. (2010). High pressure and 657 
thermal inactivation kinetics of polyphenol oxidase and peroxidase in strawberry puree. 658 
Innovative Food Science & Emerging Technologies, 11(1), 52-60. 659 
Thakur, B. R., Singh, R. K., & Nelson, P. E. (1997). Effect of pH and soluble solids on the serum 660 
viscosity and serum color of tomato juice at elevated temperatures. Journal of Food 661 
Quality, 20(6), 495-500. 662 
Trejo Araya, X. I., Hendrickx, M., Verlinden, B. E., Van Buggenhout, S., Smale, N. J., Stewart, 663 
C., & John Mawson, A. (2007). Understanding texture changes of high pressure 664 
processed fresh carrots: A microstructural and biochemical approach. Journal of Food 665 
Engineering, 80(3), 873-884. 666 
Van Den Broeck, I., Ludikhuyze, L. R., Van Loey, A. M., & Hendrickx, M. E. (2000). Effect of 667 
temperature and/or pressure on tomato pectinesterase activity. Journal of Agricultural 668 
and Food Chemistry, 48(2), 551-558. 669 
Verlent, I., Loey, A. V., Smout, C., Duvetter, T., Nguyen, B. L., & Hendrickx, M. E. (2004a). 670 
Changes in purified tomato pectinmethylesterase activity during thermal and high 671 
pressure treatment. Journal of the Science of Food and Agriculture, 84(14), 1839-1847. 672 
Verlent, I., Smout, C., Duvetter, T., Hendrickx, M. E., & Van Loey, A. (2005). Effect of 673 
temperature and pressure on the activity of purified tomato polygalacturonase in the 674 
presence of pectins with different patterns of methyl esterification. Innovative Food 675 
Science and Emerging Technologies, 6(3), 293-303. 676 
Verlent, I., Van Loey, A., Smout, C., Duvetter, T., & Hendrickx, M. E. (2004b). Purified tomato 677 
polygalacturonase activity during thermal and high-pressure treatment. Biotechnology 678 
and Bioengineering, 86(1), 63-71. 679 
Wang, W.-D., & Xu, S.Y. (2007). Degradation kinetics of anthocyanins in blackberry juice and 680 
concentrate. Journal of Food Engineering, 82(3), 271-275. 681 
Yang, D. S., Balandran-Quintana, R. R., Ruiz, C. F., Toledo, R. T., & Kays, S. J. (2009). Effect 682 
of hyperbaric, controlled atmosphere, and UV treatments on peach volatiles. 683 
Postharvest Biology and Technology, 51(3), 334-341. 684 
Yen, G.-C., & Lin, H.-T. (1998). Effects of high pressure and heat treatment on pectic 685 
substances and related characteristics in guava juice. Journal of Food Science, 63(4), 686 
684-687. 687 
Zabetakis, I., Koulentianos, A., Orruño, E., & Boyes, I. (2000a). The effect of high hydrostatic 688 
pressure on strawberry flavour compounds. Food Chemistry, 71(1), 51-55. 689 
Zabetakis, I., Leclerc, D., & Kajda, P. (2000b). The effect of high hydrostatic pressure on the 690 
strawberry anthocyanins. Journal of Agricultural and Food Chemistry, 48(7), 2749-2754. 691 
  692 
17 
 
TABLE 1 693 
 694 
 695 
Main analytical characteristics of the raw strawberry juice employed in the experiments 696 
 697 
Parameter Mean ± Standard Deviation 
Soluble solids (º Brix) 7.8 ± 0.1 
pH 3.33 ± 0.04 
Density (g·cm
-3
) 
Total aerobic mesophiles (log10 cfu/ml) 
Yeasts and moulds (log10 cfu/ml) 
1.0294 ± 0.0003 
2.9 ± 0.2 
< 2.6 
Kinematic viscosity (cSt) 5.0 ± 0.3 
L0* 27.43 ± 0.05 
a0* 8.23 ± 0.22 
b0* 3.68 ± 0.16 
 698 
 699 
  700 
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Table 2 701 
 702 
Microbial counts (log10 cfu/ml) in raw and pasteurized strawberry juices stored for 15 days at different conditions. Different letters within a row indicate 703 
significant differences (P < 0.05) between means. 704 
 705 
 706 
 Storage at 20 ºC Storage at 5 ºC 
Pressure  0.1 MPa 25 MPa 100 MPa 220 MPa 0.1 MPa 0.1 MPa 
Type of juice Raw 
C 
Raw 
SUP_25 
Raw 
SUP_100 
Raw 
SUP_220 
Raw 
R_R 
Pasteurized 
R_P 
Total aerobic 
mesophiles 
6.0 ± 0.4  a < 1  c < 1  c < 1  c 5.1 ± 0.4  b <1  c 
Yeasts and 
moulds 
5.8 ± 0.5  a < 2  c < 2  c <2  c 2.6 ± 0.4  b <2  c 
 707 
 708 
  709 
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Table 3 710 
Instrumental color parameters (L*: lightness; a*: redness and b*:  yellowness) in raw and pasteurized strawberry juices stored for 15 days at different 711 
conditions. Different letters within a row indicate significant differences (P < 0.05) between means.  712 
 713 
 714 
 715 
 716 
 Storage at 20 ºC Storage at 5 ºC 
Pressure 0.1 MPa 25 MPa 100 MPa 220 MPa 0.1 MPa 0.1 MPa 
Type of juice 
Raw 
C 
Raw 
SUP_25 
Raw 
SUP_100 
Raw 
SUP_220 
Raw 
R_R 
Pasteurized 
R_P 
L* 30.05 ± 0.39  c 27.62 ± 0.09  a 27.48 ± 0.11  a 27.45 ± 0.08  a 27.45 ± 0.10   a 28.06 ± 0.10  b 
a* 5.47 ± 0.63  c 7.16 ± 0.11  b 7.13 ± 0.13  b 7.21 ± 0.06  b 7.91 ± 0.14   a 7.95 ± 0.19  a 
b* 1.32 ± 0.59  c 3.02 ± 0.08  b 2.94 ± 0.08  b 2.94 ± 0.05  b 3.49 ± 0.17 ab 3.64 ± 0.15  a 
 717 
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FIGURE CAPTIONS 718 
 719 
Figure 1 Kinematic viscosity (cSt) in strawberry juices stored at different conditions.  720 
( ): R_R samples stored at 0.1 MPa/5 ºC; ( ): R_P samples stored at 721 
0.1 MPa/5 ºC; ( ): C samples stored at 0.1 MPa/20 ºC; ( ): SUP_25 722 
samples stored at 25 MPa/20 ºC for 15 days; (  ): SUP_100 samples 723 
stored at 100 MPa/20 ºC for 15 days and ( ): SUP_220 samples stored at 724 
220 MPa/20 ºC for 15 days. After 15 days of hyperbaric storage, SUP samples 725 
were carried to atmospheric pressure and stored at 5 ºC for 15 additional days. 726 
 727 
Figure 2 (a) Hue and (b) Chroma evolution in strawberry juices stored at different 728 
conditions. 729 
 ( ): R_R samples stored at 0.1 MPa/5 ºC; ( ): R_P samples stored at 730 
0.1 MPa/5 ºC; ( ): C samples stored at 0.1 MPa/20 ºC; ( ): SUP_25 731 
samples stored at 25 MPa/20 ºC for 15 days; (  ): SUP_100 samples 732 
stored at 100 MPa/20 ºC for 15 days and ( ): SUP_220 samples stored at 733 
220 MPa/20 ºC for 15 days. After 15 days of hyperbaric storage, SUP samples 734 
were carried to atmospheric pressure and stored at 5 ºC for 15 additional days. 735 
Note that chroma values corresponding to SUP_25 and SUP_220 samples are 736 
almost overlapped. 737 
  738 
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FIGURE 1 739 
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 741 
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  743 
22 
 
FIGURE 2 744 
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 747 
